Objective: To understand estrogen regulation of proton (H + ) secretion by human vaginalectocervical epithelial cells and the mechanisms involved.
T he main function of the acidic environment of the vaginal lumen is to control infections of the lower genital tract. The vaginal acidbase environment is tightly regulated, and during premenopausal years vaginal-fluid pH ranges from 4.5 to 5.5 with mild alkalinization to about 6.0 before ovulation.
Despite its important role, relatively little is known about mechanisms that regulate vaginal-fluid pH in women. Until recently, it was believed that the acidic milieu is determined by cohabituating Doderlein lactobacilli. 1 We recently presented data that refute the Doderlein theory by showing that human normal vaginal-ectocervical epithelial cells grown on filters under sterile conditions acidify their luminal solution. 2 The effect was estrogen-dependent, and could be blocked by low micromolar concentrations of bafilomycin-A 1 , indicating active proton (H + ) secretion by V-type H + -ATPase 3 that is located in the apical membrane ( Fig. 1 ). In this regard, vaginal epithelial cells resemble other H + secreting cells that regulate acid secretion into the lumen. [4] [5] [6] [7] [8] [9] After menopause, vaginal-fluid pH increases to 6.5 to 7.0. 10 Elevated vaginal-fluid pH has been associated with urinary tract infections, 11 vaginal atrophy, 12 and dyspareunia. 13 Treatment with estrogen can acidify the luminal vaginal pH to 5.5 to 6.5, 10 suggesting that alkalinization of the vaginal-fluid pH in postmenopausal women is the result of hypoestrogenism. To test this hypothesis more directly, we used our novel culture system of filter generated vaginal-ectocervical cultured epithelia to determine effects of estrogen on luminal proton secretion in cells of postmenopausal women.
The results indicate that treatment with estrogen increases active proton secretion by cells of postmenopausal women. However, luminal pH remained elevated compared with that of cells of premenopausal women, suggesting that in addition to hypoestrogenism, other factors of the aging process affect the capacity of vaginal-ectocervical cells to secrete acid.
METHODS

Cell cultures
The experiments used primary-tertiary cultures of human vaginal-ectocervical epithelial (hECE) cells generated from tissues of the vagina-ectocervix and cultured as described elsewhere. [14] [15] [16] [17] [18] [19] The hECE cells were previously characterized as phenotypically resembling the stratified squamous vaginal-ectocervical epithelial cells. [14] [15] [16] [17] Tissues were collected from nine premenopausal women aged 37 to 46 years and from eight postmenopausal women aged 53 to 65 years. None of the women was treated with steroid sex hormones for at least 3 months. Menopause was defined as amenorrhea for at least 1 year, or amenorrhea of at least 6 months plus climacteric symptoms and plasma levels of folliclestimulating hormone above 25 mIU/mL.
Determinations of changes in extracellular pH (pHo)
The method of determining changes in extracellular pH (pHo) was recently described. 2 The hECE cells were plated on collagen-coated Anocell filters, either on the upper surface of the filter (for determinations of luminal pHo) or on the bottom surface of the filter (for determinations of the contraluminal pHo). In the latter case, after cells attached onto the filters, filters were flipped vertically to establish the filter's upper compartment as housing the contraluminal solution, and the compartment in which the filter was bathed as housing the luminal solution. Plates containing filters were placed in a tissue culture incubator (37°C), and pHo changes in the luminal and contraluminal solutions were determined using AMANI-1000 microcombination pH electrodes (Harvard Apparatus, Holliston, MA, obtained through Genomics Solutions, Ann Harbor, MI) as described elsewhere. 2 For experiments, the luminal and contraluminal solutions were replaced with fresh warmed (37°C) basic salt solution containing (in mM) NaCl (140), KC1 (5), MgC1 2 (1), CaCl 2 (1), glucose (10), and 0.1% bovine serum albumin, pH 7.4. Determinations of changes in pHo were made at time 0, and at 5-minute intervals thereafter for up to 30 minutes.
Deprivation of estrogens
To remove intracellular estrogens cells were grown in steroid-free medium for 3 days as described previously. 20 To replenish estrogen, cells shifted to steroid-free medium were treated with 17b-estradiol for 2 days before experiments. This low concentration, which is in the physiological range for the woman, is near maximal for increasing vaginal-ectocervical transepithelial paracellular permeability. 20 
Statistical analysis of the data
Data are presented as means (± SD) and significance of differences among means was estimated by Student's t test. Trends were calculated using GB-STAT V5.3 (Dynamic Microsystems Inc., 1995, Silver Spring, MD) and analyzed with analysis of variance.
Chemicals
Chemicals were obtained from Sigma Chemical (St. Louis, MO). Stock chemicals and drug solutions were titrated to pH 7.4 prior to cell treatments, and were administered from Ã -1,000 stocks.
RESULTS hECE cells acidify the luminal solution
Upon shifting cells from regular culture medium to basic salt solution (pH 7.4), contraluminal pHo decreased in a time-related manner after 30 minutes to about 7.25, and the effect was similar in cultures of cells of premenopausal and postmenopausal women ( Fig. 2A , P , 0.01 in both cases). Under the same experimental conditions, luminal pHo of cells of premenopausal women, decreased to 7.05 ( Fig. 2B , P , 0.01), and luminal pHo of cells of postmenopausal women to 7.20 ( Fig. 2B , P , 0.01). Results of five experiments are summarized in Fig. 2C , showing a decrease in luminal pHo to 7.03 ± 0.03 in cells of premenopausal women, and to 7.19 ± 0.02 in cells of postmenopausal women. In both cases, the decrease in luminal pHo was greater than the decrease in contraluminal pHo ( Fig. 2C , P , 0.03-0.01). These data indicate that hECE cells acidify the luminal solution to a greater degree than the contraluminal solution, but the effect is more pronounced in cells of premenopausal women.
Effects of estrogen on proton secretion
Incubation of hECE cells of pre-and postmenopausal women in steroid-free medium (SFM), and treatment with 10 nM 17b-estradiol estradiol (+E 2 ) had no significant effect on contraluminal pHo, which decreased to 7.25 upon shifting cells to basic salt solution (Fig. 3A ; compare with Fig. 2C, P . 0.1) .
Incubation of hECE cells of premenopausal women in SFM inhibited acidification of the luminal compartment (luminal pHo of 7.19 ± 0.02, Fig. 3B ) compared with cells grown in regular medium (7.03 ± 0.02, Fig 2C,  P , 0.01) . These data indicate that deprivation of estrogens attenuates the constitutive active H + secretion through the apical plasma membrane. Incubation of hECE cells of postmenopausal women in SFM resulted in acidification of the luminal pHo to 7.20 ± 0.02 (Fig.  3B) , which was similar to that in cells of postmenopausal women grown in regular medium (7.19 ± 0.02, Fig. 2C , P . 0.1).
Treatment with 17b-estradiol of cells of premenopausal women grown in SFM augmented acidification of the luminal compartment (luminal pHo of 7.04 ± 0.03 compared to pHo of 7.19 ± 0.02 (Fig. 3B ). Treatment with estradiol of cells of postmenopausal women grown in SFM also augmented acidification of the luminal compartment, but to a lesser degree (luminal pHo of 7.13 ± 0.02 compared with 7.20 ± 0.02, Fig. 3B , P , 0.01). These data indicate that treatment with estrogen augments H + secretion through the apical plasma membrane, but the effect is lesser in cells of postmenopausal women compared to cells of premenopausal women.
Mechanism of the luminal acidification in cells of postmenopausal women
In hECE cells of premenopausal women, acidification of the luminal compartment is probably the result of active H + secretion mediated by apically located vacuolar-type H + -ATPase (V-H + -ATPase). 2 The objective of the next experiment was to determine to what degree the estrogen-induced luminal H + secretion in cells of postmenopausal women (Fig. 3B) is also mediated by V-H + -ATPase. To test the hypothesis, hECE cells grown in SFM and treated with 10 nM 17bestradiol were co-treated with 1 m4M bafilomycin A 1 . Bafilomycin-A 1 is a specific inhibitor of vacuolar-type H + -ATPases 21,22 that inhibits the ATPase directly by binding to the transmembrane V0 subunit c of the ATPase. 23, 24 In cells of premenopausal women grown in SFM and treated with 10 nM 17b-estradiol, levels of luminal pHo 30 minutes after shifting cells to basic salt solution were 7.05 ± 0.02, compared with 7.15 ± 0.02 in cells of postmenopausal women (Fig. 4 , empty bars, P , 0.01). These results confirm the data in Fig. 3, A and B . In both types of cells, co-treatment with bafilomycin A 1 inhibited luminal acidification (Fig. 4, filled bars) . Contraluminal administration of bafilomycin A 1 attenuated luminal acidification slightly, probably because the drug leaked through the paracellular space to the luminal solution. In contrast, luminal administration of bafilomycin A 1 blocked luminal acidification to pHo level of 7.25 ± 0.02 (Fig. 4) , which was similar to the contraluminal pHo (compare with Figs. 2, A and C) .
These results suggest that in cells of premenopausal and postmenopausal women, the bafilomycin A 1 -sensitive H + -secreting mechanism (presumably V-H + -ATPase) is located on the apical side of the plasma membrane.
Collectively, the results in Fig. 4 indicate that in cells of premenopausal and postmenopausal women net luminal H + secretion is bafilomycin A 1 sensitive, and therefore the estrogen-dependent component of luminal acidification in both types of cells is probably the apically located V-H + -ATPase mechanism.
FIG. 3. Effects of estrogen on changes in pHo.
The hECE cells generated from tissues of premenopausal (Pre-M) and postmenopausal (Post-M) women were plated on filters and shifted to steroid-free medium for 1 day, and then maintained in the same medium for 2 additional days in the absence (SFM) or presence of 10 nM 17b-estradiol (added to both the luminal and contraluminal solutions) (+E 2 ). For assays, cultures were shifted to basic salt solution in the continued absence or presence of 17b-estradiol. Shown are means (± SD) of three to five repeats per point of changes in pHo in the contraluminal (CL-pHo, A) or luminal compartments (L-pHo, B) 30 minutes after shifting cells to basic salt solution. In B, a and b: P , 0.01 compared with SFM. 
DISCUSSION
The present results confirmed that human vaginalectocervical cells express estrogen-dependent, bafilomycin-A 1 -sensitive proton-secreting mechanism, which acidifies constitutively the luminal solution. The new findings of the study were that cells of postmenopausal women have a decreased capacity to acidify their luminal solution compared with premenopausal cells, and that treatment with estrogen can restore this function only in part.
The study used an experimental model that mimics the vaginal-ectocervical epithelium in vivo. The confluent cultures of cells could well separate the luminal and contraluminal solutions, representing respectively the ''lumen'' and ''blood.'' The data show that 30 minutes after shifting cells to basic salt solution (pH 7.4), cells acidify both the contraluminal and luminal solutions. Acidification of the contraluminal solution is most probably the result of proton secretion via the Na + /H + exchanger, 25, 26 or of extrusion of organic acids to equilibrate the acidic intracellular pH (about 7.25, G.I. Gorodeski, unpublished results, 2003) with the extracellular solution. This process was not affected by estrogen status of the cells or by treatment with bafilomycin-A 1 , and is considered passive acid secretion.
Acidification of the luminal solution, however, was active, against the H + electrochemical gradient. In hECE cells, bafilomycin-A 1 -sensitive luminal H + secretion occurs constitutively, and is regulated by estrogen. Lack of estrogen inhibits H + secretion, and in cells of premenopausal women treatment with physiological levels of 17b-estradiol restores H + secretion (Gorodeski et al 2 , and present results). In cells of premenopausal women, the estrogen effect was dose-dependent (EC 50 1 nM) and could be blocked by co-treatment with ICI-182780, 2 suggesting involvement of the classical nuclear estrogen receptor mechanism.
Less is known about estrogen-regulation of H + secretion in hECE cells of postmenopausal women, and in particular of mechanisms that cause the lesser acidification of the luminal solution compared with cells of premenopausal women. One possible explanation is estrogen status of the cells. Primary-tertiary cultures of hECE cells retain phenotypic characteristics of the native epithelium, including hormonal status, 20, 27, 28 and the attenuated luminal acidification by cells of postmenopausal women could reflect hypoestrogenic state of the cells. This speculation is supported by the finding that removal of intracellular estrogens decreased luminal acidification further, suggesting that even the low concentration of estrogens present in the culture medium, or the presence of agents with estrogenic activity such as phenol red, 29 suffice to upregulate the proton extrusion mechanism. CONCLUSION Treatment of cells of postmenopausal women with 17b-estradiol increased H + secretion, but luminal acidification did not reach the low pHo as in cells of premenopausal women. These data indicate that in addition to hypoestrogenism, other factors of the aging process affect the capacity of vaginal-ectocervical cells to secrete acid. More studies are needed to elucidate what aging-related mechanisms impair estrogen-modulation of luminal acidification by vaginal-ectocervical epithelial cell of postmenopausal women.
